The far-infrared powder absorption spectra, between 10 cm-' and 350 cm-', of seven BEDT-TTF salts that exhibit superconductivity at or near ambient pressure, have been measured as a function of temperature, between 5 K and 300 K. The temperature dependences of the peak frequencies, along with the measured deuterium isotopic frequency shifts, separated the lattice from the internal modes. The frequencies of the observed lattice modes were found to increase with T, in the three K-phase salts in agreement with the reduced volume of the unit cell, and to have a mixed response in the three B-phase compounds. Furthermore, the genera1 range and magnitude of the frequencies in the higher-T, K-phase compounds were found to be larger than in the lower T, pphase compounds. Consequently, no evidence was found for a correlation between higher values of T, and a softer lattice in these organic superconductors.
Introduction
In a recent article by Williams et al. [ 1 ] are listed the forty presently-known organic superconductors. These have all been discovered in just over the past decade, beginning with (TMTSF)2PFs at 0.9 K under an applied pressure of 10 kbar [ 21. While the TMTSF donor molecule has produced seven superconductors, only (TMTSF)2C104 is an ambientpressure superconductor, with a T, of 1.4 K. The BEDT-TTF donor molecule, on the other hand, has been the source of twenty superconductors, most of them at ambient pressure, and among this family are those with the highest value of T,. These are K-(ET)&u(NCS)~ with T,=10.4 K [3] (ET is the common abbreviation for BEDT-TTF ) , K-(ET),Cu[N(CN),]Br[ 61. There are several crystallographic phases adopted by the highly anisotropic and layered ET compounds, but the most common are the P-phase and the K-phase. In the a-phase materials the two-dimensional layers of ET molecules, which are sandwiched between layers of anions, contain molecules whose planes are all parallel, whereas in the K-phase materials the molecules are arranged in dimer pairs with alternating orthogonal orientation. In the course of attempting to synthesize materials with higher Tcs it was observed that there was a correlation between T, and the unit-cell volume in the three isostructural B-phase superconductors 8*-( ET)*13, l3-( ET)2AuI,, and &(ET)JBr2 [ 7, 8] . More recently, Saito et al. [ 91 have included a few more ET superconductors, and have obtained the same correlation when T, is plotted versus "effective volume", although the correction for the anion volume is not precise and the validity of this approach has not been proven. Fleming et al. [ 10 ] report a similar correlation for the cubic (isotropic) M3Cso family of superconductors.
In the weak coupling BCS limit, one can write
where 0, is the Debye temperature and 1 is the electron-phonon coupling constant, given by A= n(G) (Z2> M(co2) ' (2) where n (Er ) is the density of states at the Fermi level, (I') is an electron-phonon matrix element averaged over the Fermi surface, M is the mass of the vibrating molecule and (w2) is an average of the square of the phonon frequencies. 
and p* is the effective screened Coulomb interaction. In eq. (4), F(w) is the phonon density of states and a2 is a weighting factor proportional to the electron density of states at the Fermi level. In a subsequent treatment by Allen and Dynes [ 121 they showed that much better agreement between the various BCS superconductors and the theory could be obtained if the prefactor in eq. (3) was replaced by other forms, which involved various weighted integrals over the phonon densities of state.
We therefore decided to measure the frequencies of some of the lattice modes of the ET superconductors by infrared spectroscopy in an attempt to see whether the higher values of T, are accompanied by a lattice softening. The low site-symmetry of the ET molecules makes all of the lattice modes infrared active, and mixes the rotational and translational character, so that one may not also require Raman data. We emphasize, however, that the acoustic modes are not accessible to us and we recognize their importance in mediating conventional superconductivity, but the measurement of their frequencies would require inelastic neutron scattering. The lattice mode frequencies and eigenvectors depend on the crystal structure, which includes the number of formula units per unit cell, Z. A strict comparison can only be made, therefore, between isostructural crystals of the same phase, and even within this group between only those with the same Z. We have, therefore, investigated three K-phase crystals and three P-phase crystals. A more general comparison will then be made between the compounds of these two distinctly different phases. The usual explanation for the "volume effect" on
We have restricted our attention in this paper to T,, as discussed above, it that it is equivalent to negthe low-frequency lattice modes which should conative pressure, which will increase the organic moltribute the most to & in eq. ( 1) and also to 1 in eq. ecule interplanar distances, reducing both the trans-(2). It is possible that some high-frequency internal fer integral and electronic bandwidth, which in turn modes may also couple to the superconducting pairs, increases the density of states at the Fermi level, because their activated infrared intensity shows that n(Er),causingT,torise(seeeqs.(l)and (2)).An they couple strongly to the normal charge carriers. A alternative explanation for these materials was prorecent study [ 16 1, however, of the isotope effect in posed by Whangbo et al. [ 1, 13, 14] in which they two ambient-pressure K-phase ET superconductors, postulated that the increase in 1 results from the dewhen two 13C atoms are substituted for i2C in the crease in ( 02) in eq. (2), rather than an increase central double bond of the ET molecule, shows that in n(E,). This decrease in ( 02) would result from the high-frequency totally-symmetric intramolecular a reduction in the intermolecular forces (softening) mode near 1500 cm-', v3( n), which is the most in an expanded lattice. Certainly the decrease of T, with applied pressure of the simple, nearly-free-electron BCS superconducting metals arises primarily from the pressure dependence of the phonon frequencies, since their electronic structure varies only slightly under pressure [ 
Experimental
We have found in the past that a better signal-tonoise ratio in the far-infrared, when working with these organic conductors, is obtained by measuring the powder absorption rather than the reflectivity from single crystals [ 181. (The crystals were prepared at the Argonne National Laboratory.) This is because the free carriers resulting from the high conductivity tend to screen out the small vibrational features. The powder method then allows one to probe the low-conductivity polarization (E perpendicular to the highly conducting planes), which is not possible by reflectivity, since the large crystal faces are parallel to the ET planes and the crystals are relatively thin. Furthermore, one can work with large powder samples, compared with small single crystals, resulting in a more intense signal. Accordingly, between 10 and 20 mg of material were ground in a Nujol mull (Aldrich # 062977 ) for about 10 min and transferred to one side of a thin wedged TPX window [19] .
The vibrational features sharpen as the temperature is decreased and we therefore mounted the samples in a Janis Supervaritemp Dewar, in which the cooling is achieved by cold vaporized helium gas. This eliminates the problem of thermal gradients associated with the sinking of a sample to a cold finger. The temperature was controlled to within 1 K by means of a PAR 152 temperature controller. The dewar windows were 0.75 in. diameter, 0.002 in. thick polypropylene.
The dewar tail was positioned at the focus of one of the sample chambers of a Bruker IFS 113V Fourier spectrometer, and the detector was an Infrared Labs doped-germanium composite bolometer operating at 4.2. K. Spectra were typically obtained at 1 cm-' resolution with 800 averaged scans taking a total time of 40 min. Background spectra were obtained from a clean TPX window in 10 min. The data between 15 cm-' and 50 cm-' were obtained using a 50 urn mylar beam splitter, while between 50 cm-' and 350 cm-' a 6 urn mylar beam splitter was used. form of reduced powder absorption below 1000 cm-' [ 2 11. The increasing slope of the spectra with lowered temperature is due to the higher conductivity in this region at low temperatures.
Results and discussion
In order to separate the lattice modes from the internal modes, we plotted the frequencies of the features versus temperature, and also repeated the measurements on two of the compounds in which the eight hydrogen atoms of the ET molecule were replaced with deuterium. Figure 3 shows the temperature-dependence of the frequency of five stronger features in the Br-salt spectra of fig. 1 . The lower three of these show the usual softening of a few percent, as the temperature is raised, associated with lattice modes. The top two show a constant or increasing frequency, which is the signature of an internal mode. Confirmation of this comes from the isotope shifts. Figure 4 shows the spectra of the protonated (hs) and deuterated (ds) Br salt at 20 K, with guide lines drawn between corresponding features in the two spectra. The frequencies of these features for this salt and the Cu ( NCS)2 salt are listed in table 2 along with the isotopic ratios &/fld. The features are arranged somewhat arbitrarily into groups which are labelled 1 through 7 on fig. 2 , which shows the most extensive spectra. Some of the components in these groups result from the large number of ET molecules per unit cell.
Group 5, in tables 1 and 2 and fig. 2 with a 16% isotope ratio, and the frequency temperature dependence shown in fig. 3 is clearly an internal mode, and is assigned to an out-of-plane bSu mode, since there are no in-plane modes with this frequency and isotope shift in the results of the normal-coordinate calculations of Kozlov et al. [22] . We did not obtain an isotope shift for the feature labelled # 6 and so are unable to assign it. The # 7 feature in table 1 and fig. 2 however, which appears only at high temperatures at 3 10 cm-', has been seen by us before [ 17 ] and is the totally-symmetric internal mode vlL (a*). It is vibronically-activated and is therefore polarized in the highly-conducting plane. The optical activity is a result of charge oscillating between ET molecule dimers. Its appearance at high temperatures follows from the decrease of the underlying electronic conductivity in the conducting plane, which masks vibrational features at low temperatures. The expected isotopic ratios for translational and Returning to table 1, which lists the frequencies of librational lattice modes, involving only the ET molthe vibrational features for the three K-phase salts, ecule, have been calculated and are listed in table 3.
we have indicated with an arrow whether the lattice They range from 1% for the translational and R, limode frequencies (the first 4 groups) have increased brations, to 3% for the other two librations. As alor decreased with respect to those of the compound ready mentioned, the lattice modes will be a mixture of these degrees of freedom. The molecular point group symmetry is approximately DZh if the ET molecule is considered to be flat. The rotations will transform according to the symmetric b, irreducible representations, while the translations will transform according to the non-symmetric b, representations. The site symmetry of the ET molecule in the salts investigated here is general (C, ) which will mix the b, and b, modes. A centre of inversion at the ET site (Ci) would be required to keep them separate. K-(ET),Cu (NCS)* has a monoclinic space group Pz, (Cs ) with Z= 2 and one layer per unit cell; K-(ET),[N(CN),]X, X=Br, Cl, are orthorhombic with space group P,,,( D:i ) and Z= 4 and there are two layers per unit cell; p-( ET)2X salts are triclinic with space group Pi (Cl ), Z= 1 and one layer per unit cell. In table 2, therefore, the features in the first four groups are seen to have isotope ratios in the calculated lattice-mode range, with only one or two exceptions, and because of this, and the frequency temperature dependence, they are assigned to mixed lattice modes. Table 2 The isotopic frequency ratios at 20 K of two u-phase (ET)zX salts X Group 1. a) The z-axis is along the central C=C bond. The y-axis is in the molecular plane, while the x-axis is normal to it.
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to the left with the lower T,. For the Br-salt, compared with the Cu( NCS)? salt there is a mixture of increases and decreases, but because of the different crystal structure and 2, we feel the comparison is not valid. In a previous mid-infrared study [ 231 we found that the frequencies of the normally-active bz,, internal modes decreased slightly in the Br-salt due to the looser packing in the conducting u-c plane, compared with the conducting b-c plane of the Cu( NCS)2 salt (see table 4 ). The spacing between the planes, however, is smaller for the Br-salt than for the Cu (NCS)? salt and this will produce increases in some lattice frequencies.
(The unit cell volume divided by Z is actually smaller for the Brsalt, as opposed to statements in ref. Figure 5 shows the temperature dependence of the spectrum of p-(ET)2Au12 and the features in the 20 K spectrum have again been labelled in groups. Figure 6 shows the 20 K spectra of all of the compounds investigated in this study. These are arranged in order of increasing T, proceeding from the bottom to the top of the figure, with the three K-phase compounds on Table 4 Unit ceil parameters and the superconducting transition temperatures of the (ET)zX salts investigated in this study [4] . ') Ref. [6] . top (u-c). Table 5 lists the frequencies of the features in the three P-phase and the q-phase compounds.
A comparison of the spectra d and e in fig. 6 as well as the last two columns in table 5 shows that the identical, and we are convinced that the Nujol mull has produced the p*-( ET)zI,.
A comparison of the frequencies of the lattice modes (groups l-4 in table 5) of the P-phase compounds, however, reveals mixed results. The trend towards higher T, is not accompanied by uniformly increasing frequencies as was the case for the two Kphase compounds. The arrows in table 5 shows a general increase in going from the IBr,-to the AuI, salt but a mixed response in going to the 1, derivative. This mixed response might be due to the different enthylene group configuration in the p*-( ET)JS salt compared with that in the P-(ET)JBr, and 13-(ET)2A~12, which are isostructural. Group 4 between 110 cm-* and 130 cm-' is the only group with consistently increasing frequencies as T, increases. In so far as the frequencies of these few lattice modes are an indication of lattice stiffness, however, there appears to be little evidence for the rise of T, in this group of three P-phase compounds being due to lattice softness, in agreement with the K-phase compounds. It is still possible, however, that the volume effect first noted by Williams et al. [ 7, 8] may be operating through the increased density of states.
Two unexplained features exist in spectrum g in fig. 6 , that of 13-(ET)21Br2. The first is the high wavenumber of the lowest-frequency strong feature at 5 1.3 cm-', when one would have expected it to be less than that of the spectrum above if a general trend were being followed. The second and more serious question is the appearance of the strong feature at 160.8 cm-', which is not present in the other two l3-phase spectra, but resembles instead the group 4 of the K-phase compounds. This latter group has an isotope shift indicating a mixture of translation and/or R, libration. The reason that more features are seen in the K-phase spectra than in those of the P-phase is the larger value of 2 (number of formula units per Table 6 Frequencies of the normal modes of the triatomic linear anions in the &phase ET salts 'I. Frequencies are in cm-' fig. 6 , however, another comparison may be made. While it is not possible to compare individual features in the spectra of the K-phase and the B-phase compounds, since the lattice modes will be different, one can observe that the overall distribution of lattice mode frequencies for the K-phase compounds is higher than that for the pphase. In spectrum a for example, the range is from 70 cm-' to 200 cm-', while in spectrum d the features start at 50 cm-' and extend to only 135 cm-i. Figure 6 shows this trend quite well. Again one is led to speculate whether a suitable integral over the phonon frequencies in the prefactor of eq. ( 1) as considered in ref. [ 121 may be contributing to the increase in T, between these compounds. It is known that inaccurate results are obtained if the Debye frequency by itself is used [ 12 1. Furthermore, the variations of 6, between compounds of these two phases is too small to produce the observed differences in T,. Table 7 lists the values of 0, extracted from specific heat measurements on various ET compounds.
What appears more likely, however, is that the equations (l-4) are inappropriate for these materials. Recent muon-spin-relaxation measurements [ 241 by Le et al. indicate non-BCS-type s wave pairing, and instead anisotropic pairing with line nodes in the energy gap. This would agree with our null result when we tried to observe the energy gap optically [ 25 1 . On a plot of T, versus Fermi temperature, the organic salts, heavy fermion materials, and high-T= cuprates all sit on the same straight line, far apart from the BCS-type metals [26] .
Conclusion
We have measured the frequencies of some of the infrared-active lattice vibrations at various temperatures of three K-phase and three P-phase organic superconductors based on the BEDT-TTF donor molecule. We found a general increase in these frequencies as T, increases in the K-phase compounds, consistent with the decreasing volume of the unit cell. We found a mixture of increases and decreases in the frequencies of the P-phase compounds as T, increases, consistent with the combination of an increasing volume of the unit cell together with a decrease in one of the lattice constants. In general, the observed frequencies of the higher-T, K-phase compounds are higher than those of the p-phase materials, although a strict comparison is not possible.
We find no evidence that higher values of T, in these materials are achieved through a softer lattice. On the contrary, it is possible that the higher opticalphonon frequencies may be contributing to the increase in T,, but it is likely to be a much more complicated situation than that described by a simple BCS expression.
